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Acid hydrolysis of tissue has long been  recognized as a  necessary part  of 
the  Feulgen method for demonstrating the  presence  of DNA  (deoxyribonu- 
cleic acid) in histological preparations (Feulgen and Rossenbeck, 1924). When 
attempts were made to use the method for the quantitative determination of 
DNA (Pollister and Ris, 1947; Di Stefano, 1948; Ris and Mirsky, 1949; Swift, 
1950 a),  the  role  of hydrolysis became especially significant. In  spite  of nu- 
merous studies of the Feulgen reaction the effects of hydrolysis on DNA are 
still not fully understood. 
The study of hydrolysis in the Feulgen procedure has been seriously limited 
because of lack of suitable methods of analysis. Recently, biochemical tech- 
niques have been devised which permit qualitative and quantitative studies 
on the purines and pyrimidines of tissue nucleic acids  (Marshak and Vogel, 
1951;  Wyatt,  1951).  These  methods  consist  of  extraction  of  nucleic  acids 
from tissue, digestion to the free bases, and separation by paper chromatog- 
raphy. 
In the present study on hydrolysis of fixed tissue sections, certain of these 
chromatographic  techniques  were  used.  At various  times during hydrolysis, 
hydrolysates were  analyzed for some of the degradation products of nucleic 
acid. At corresponding times similar sections were stained with Feulgen rea- 
gent,  and the  Feulgen dye content per nucleus was measured with a micro- 
photometer. In this way it was possible to determine the course of events as 
DNA was hydrolyzed in the Feulgen procedure.  Since thymine is character- 
istic of DNA and uracil of RNA  (ribonucleic acid)  the presence of degrada- 
tion products containing these bases was used to indicate the destruction of 
the two types of nucleic acid. 
* Research carried out at Brookhaven National Laboratory under the auspices of the 
United States Atomic Energy Commission.  The early part of this work was c~rried out at 
Columbia University, Department of Zoology,  when the author was a Public Health Service 
Research Fellow of the National Cancer Institute. 
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Materials and Methods 
Anthers from flower buds of Lilium longiflorum var. "Croft" were used and for consist- 
ency only buds with lengths between 24 and 25 mm. were considered. After freezing and 
drying according t0 the method of Woods and Pollister (1955), the anthers from two buds 
were embedded together in a  single paraffin block and sectioned at  15 microns. All of the 
sections were accumulated in a glass tube (approximately 22 x  150 ram.) with a fritted glass 
filter disk of sufficient porosity fused to the lower end to hold back effectively all tissue frag- 
ments. By dipping the end of the tube containing the tissue into vials of the reagents, and 
by gentle application of pressure or suction at the upper end of the tube, it was possible to 
transfer rapidly large numbers of tissue sections from one reagent to another as individual 
sections are when mounted on microscope slides and processed  by cytological procedures. 
Thus,  the  paraffin  in  the  sections  was  removed  with  xylene  and  the  tissues  were 
passed through absolute alcohol to  10 ml. of hot  (63°C.)  75 per cent alcohol for 2  hours' 
fixation. The 7S per cent alcohol fixative was saved for later analysis. Sections were then 
passed back to absolute alcohol and into a  boiling alcohol-ether mixture (3  parts absolute 
alcohol: 1 part ether) for 1 hour to remove any remaining lipides. These extracts were dis- 
carded. Tissues were then passed to the same 75 per cent alcohol fixative used above to re- 
hydrate, or store if necessary, before proceeding with the next extraction. 
In order to  remove from tissues purine  or  pyrimidine containing materials other than 
nucleic acids, e.g. certain precursors or certain energy-rich phosphates, it has become common 
practice to extract with dilute cold acids such as 2 per cent perchioric acid (PCA) at 4°C. for 
about 40 minutes (Ogur and Rosen, 1950). This step was especially important in the present 
investigation since studying degradation of nucleic acids involved testing the tissue hydroly- 
sates for purines and pyrimidines. It was necessary to remove such materials so that they 
would not contaminate the nucleic acid extracts. Since it will be shown later that treatment 
of tissue sections with 8 ml. of 2 per cent PCA at 4 ° for 40 minutes was sufficient for this 
removal with practically no degrading effect on either the bound DNA or RNA,  the pro- 
cedure became standard for all experiments. After treatment for 40 minutes, the tissue was 
washed 3  more times with 4  ml. each of fresh cold 2  per cent PCA,  and the washes were 
combined with the first acid extract. Since the 75 per cent alcohol fixative might also remove 
some of the non-nucleic acid purine and pyrimidine-containing materials, it too was com- 
bined with the PCA extract. This acid solution composed of the so called acid-soluble frac- 
tion was saved for analysis. 
In the present study the hydrolysis of tissue was accomplished with 10 per cent perchloric 
acid  (10 ml. of concentrated 72 per cent PCA brought up to 72 ml. with water)  at 20  ° 4- 
1°C. for varying periods of time from 15 minutes to 144 hoursJ Tissues were passed, there- 
fore, into the acid for the appropriate time, then removed and washed once with S ml. of 10 
per cent PCA at 20  ~. The wash and extract were combined and this solution constituted 
what will be referred to throughout the paper as the first extraction; this was saved for later 
analysis. The tissue was washed four more times with 4 ml. each of cold 2 per cent PCA to 
prevent contamination of the next extract. These washes were discarded. 
In order to determine-the nucleic acid that still remained in the tissue after each hydroly- 
sis, the sections were placed in S ml. of hot (63  °)  10 per cent PCA for 2 hours. It was  found 
that such treatment removed all remaining nucleic acid. The tissue was finally washed once 
•  more with S ml..of 10 per cent PCA and the wash and extract were combined. This solution 
constituted the second extraction and also was saved for analysis. 
1 These hydrolytic conditions were used in preference to the usual N HC1 at 60  ° because 
the reaction is much slower and may be more easily controlled. Di Stefano (1952b) has shown 
that 10 per cent PCA may be substituted for N HC1 since identical amounts of Feulgen stain 
per nucleus were obtained with either acid. mrnm,  s. WOODS  73 
For each hydrolysis time, then, three acid solutions were obtained for chromatographic 
analysis: (a) the acid-soluble fraction including the fixative, (b) the first extraction or tissue 
hydrolysate, and (c) the second extraction or remainder. At first all three were analyzed, but 
when it was found that the composition of the acid-soluble fraction did not vary, only the 
first and second extractions were studied. The procedure used for determining the purines 
and pyrimidines of nucleic acid or its degradation products in the tissue extracts was a modi- 
fication of the method of Marshak and Vogel (1951). The solutions were placed in open tubes 
over a  steam bath and evaporated to concentrated PCA. In order to make the amount of 
PCA in the solution of the acid-soluble fraction equal to the amount in the other solutions, 
0.83 mi. of concentrated PCA was added. When each solution started to turn black the time 
was noted and heating at 100  ° was continued for an additional 90 minutes after which time 
each tube was removed and cooled in an ice bath? After adding 1.5 ml. of distilled water to 
each  tube,  perchlorie  acid  was  precipitated  by  adding  solid  potassium  carbonate.  After 
neutralization, each solution was made slightly basic (pH 8-10) by adding more potassium 
carbonate, and then 17 ml. of absolute ethyl alcohol was added to precipitate as much of 
the potassium perchlorate as possible. After stirrings, the mixture was cooled, centrifuged 
at 4 °,  and the clear supernatant was saved. Each precipitate was washed once more with 
20 mi. of 85 per cent alcohol, cooled, recentrifuged, and the supernatant was combined with 
the previous one and evaporated to  dryness.  Since relatively large amounts of impurities 
were carried through the alcohol steps, the resulting residues were further purified. To each 
tube 30 ml. of ether (saturated with distilled water) were added and after stirring each one 
for 10 minutes the dear fluid was decanted and collected in a 40 ml. conical centrifuge tube. 
The ether step was repeated two more times, thus, 90 ml.  of ether was accumulated and 
evaporated to dryness. To the ether extract in each tube were added 2 ml. of 0.01  N HC1, 
and after heating the tubes were tilted to wet the sides in order to dissolve all the residue. 
The solution in each was evaporated to about 0.1 ml. and all of it was deposited as a single 
spot on Whatman No. 50 paper for chromatography. The solvent system was one used by 
Vischer and Chargaff (1948)  and consisted of 4  parts n-butanol, 1  part  diethylene glycol, 
and  1 part 0.1  N HC1.  When the solvent front had ascended between 27 and 28 cm.,  the 
chromatogram was removed, dried, and a  contact print was made using an essentially pure 
ultraviolet light source (mainly 254 mit radiation) which consisted of a  G.E. 4  watt, ozone 
lamp with a cobalt sulfate liquid filter. 
The preparation of material for staining with Feulgen reagent was the same as the pro- 
cedure  outlined above,  except for minor changes. The frozen-dried anthers  were  fixed  in 
bulk and then sectioned at 24 It instead of being fixed after sectioning. Paraffin sections were 
mounted on slides as usual, and slides were then processed in exactly the same manner as 
the free sections were in the filter tube. After the various hydrolysis times, slides were rinsed 
in water and stained with Feulgen reagent according to the method briefly outlined by Swift 
(1955). Sections were mounted in oil of refractive index 1.552,  the medium which gave the 
lowest amount of light scatter in nuclei and cytoplasm. The microphotometer used was the 
one described by Moses (1952). A  zirconium arc lamp in conjunction with an M550 filter 
(Photovolt Corporation, New York), giving essentially monochromatic light (approximately 
20 m~, half-band width) of wave length 550 mit, was used to illuminate the microscope. The 
necessary magnification and resolution were obtained with a Bausch and Lomb apochromat 
oil immersion objective (N.A. 1.40,  61X) in conjunction with a  5X  ocular. Whole sporoge- 
nous nuclei in the interkinesis stage of meiosis were used. Because these nuclei were spheri- 
s The reason for performing the hot PCA step was to convert all the nudeotides and nu- 
cleosides to free bases. Marshak and Vogel  (1951)  report that quantitative yields for the 
bases from both DNA and RNA can be obtained with this procedure. In a few cases, as will 
be seen later,  the hot  PCA  step was  omitted.  The tissue hydrolysate then was  analyzed 
directly for its content of degradation products. 74  HYDROLYSIS  IN  FEULGEN  NUCLEAL  REACTION 
cal,  transmissions were determined for the whole nucleus. Calculation of the amount of 
Feulgen stain per nucleus was done in the manner outlined by Moses (1952). 
RESULTS  AND  OBSERVATIONS 
The  relationship  between  duradon  of  hydrolysis,  in  I0  per  cent  PCA  at 
20°C. and  amount of  Feulgen  stain  produced  in  sporogenous nuclei  in  the 
interkinesis stage of meiosis, is shown in Text-fig.  1. Each point on the curve 
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TExT-FIG.  1. Effect  of hydrolysis time in 10 per cent perchloric acid at 20°C. on amount 
of Feulgen  stain bound in sporogenous  nuclei in the interkinesis  stage of meiosis  of lily an- 
thers. 
represents  the  mean  amount  of  Feulgen  stain  expressed  in  arbitrary  units 
and was obtained from 5  different  nuclei from tissue sections hydrolyzed for 
the indicated  time.  Vertical lines represent standard  error. It is evident  that 
the amount of Feulgen  stain bound by  the nucleus is dependent  upon dura- 
tion of hydrolysis, and the greatest amount of stain occurs when tissues have 
been  hydrolyzed  for  approximately  19  hours.  Trace  amounts  of  stain  were 
observed  in  nuclei  after  hydrolysis  for only  15  minutes  as well  as  in  nuclei 
hydrolyzed for 144 hours, but  the amount in  these cases was too small to be 
measured accurately. Sections that were not hydrolyzed showed no stain. PHILIP S.  WOODS  75 
In order to determine whether the type of fixation and hydrolysis used in 
the present study produced the same results as when more conventional Feul- 
gen  procedures are  followed,  a  few  anthem  were  fixed  in  alcohol-acetic  (3 
parts  absolute  alcohol: 1 part  glacial  acetic acid)  and  hydrolyzed in N HC1 
at 60  ° for 10 minutes (optimum hydrolysis). Table I  shows that the amount 
of  Feulgen  stain  occurring  in  nuclei  is  the  same  when  either  procedure is 
followed. 
The  chromatographic method  of analysis  used  in  the  present  study  was 
tested on solutions of known composition in order to determine its validity. 
Various amounts  of the purine and pyrimidine bases found in nucleic acids 
were dissolved in 10 ml. portions of 10 per cent PCA and the resulting known 
solutions were processed in the same way as outlined for the tissue extracts. 
TABLE I 
Comparison of Amount of Feulgen-Stain as Determined by Microphotometry in Nuclei of Cells 
in an Anther Wall Prepared by Two Different Methods 
Frozen-dried, fixed in hot 75 per cent alcohol, 
hydrolyzed in i0 per cent PCA at 20°C. for 
16 hrs. 
Fixed in alcohol-acetic (3:1), hydrolyzed in 
N HCI at 60°C. for 10 min. 
No. of  nuclei  measured  Amount  of  stain  E X d  s 
10  24.83  =t=  1.78 
10  25.26  -4-  1.04 
The results are shown in chromatograms II through V  of Fig.  1.  Chromato- 
g~ram I  is also a  control made directly from a  0.1  N HC1 solution of the five 
bases. The adenine and cytosine spots cannot be resolved with the particular 
solvent  system  used.  Chromatogram  II  was  obtained  from a  solution  con- 
taining 100 #g. of each base except thymine of which there were 10 #g. Chro- 
matogram III was obtained from a  solution containing  100 #g.  of each base 
except uracil of which there were 10 #g. Chromatogram IV came from a solu- 
tion containing 100 #g. of cytosine only and V  came from a  solution contain- 
ing 100 #g. of guanine only. It is evident that the method of analysis is not 
suitable for either cytosine or guanine since so little of these bases is recovered. 
However, good yields are  obtained for thymine, uracil,  and adenine.  To de- 
termine the actual amounts recovered in chromatograms II through V,  each 
spot was  eluted with 0.1  N HC1 and solutions were analyzed quantitatively 
with a  Beckman model D  U  quartz spectrophotometer. Table II shows that 
the recoveries for thymine and uracil are fairly constant even over a  tenfold 
range  in  concentration.  Adenine  in  high  concentration is  also  recovered to 
about the same  extent as  thymine and uracil in comparable concentrations. 
Low concentrations of adenine cannot be determined by the chromatographic 76  HYDROLYSIS IN FEULGEN NUCLEAL REACTION 
technique  since  cytosine  always  contaminates  the  adenine  spot  (chromato- 
gram I). However, this contamination is not serious in cases in which adenine 
concentration  is  high  (chromatograms  II and  III)  since  cytosine  is  always 
recovered in  small amounts  (Table  II). A  possible explanation for the  poor 
yield of cytosine and guanine may lie in the fact that these bases are relatively 
insoluble in ether;  their loss would occur largely during the ether step of the 
procedure.  However,  even in  cases  where  adenine  concentration  is  low  and 
cytosine  is  present  it  would  be possible  to  estimate  adenine  with  the  spec- 
trophotometer since  the  absorption maxima for the  two bases are quite  dif- 
ferent (~ max. for adenine is 263 m#, that for cytosine is 274 m#). It therefore 
TABLE II 
Relative Recoveries  on Chromatograms  of Purine and Pyrimidine Bases from Known Solutions 
Processed Similarly to the Tissue Extracts 
Thymine .................. 
Thymine .................. 
Uracil ..................... 
Uracil ..................... 
Adenine ................... 
Cytosine ................... 
Guanine ................... 
Actual amount  in  Spectrophotometric 
determination  of  Per cent recovery 
test solution  amount in spot 
100 
10 
100 
10 
100 
100 
100 
/,tg. 
51.6 
6.4 
56.3 
7.1 
68.6* 
6.0 
Trace 
52 
64 
56 
71 
69 
6 
<3 
* Corrected  for  cytosine contamination. 
seems evident from these studies that at least for thymine, uracil, and adenine, 
sizes of spots give a  fair indication  of total amount of base present  and  the 
method  can  be used  for  the  rough  quantitative  determination  of  the  three 
bases. 
Analysis  of  the  acid-soluble  fraction  of  tissue  sections  is  represented  by 
chromatograms VI,  VII,  and  VIII of  Fig.  2.  Supposedly  this  fraction  con- 
tains some of the precursors involved in the metabolic processes of the tissue. 
However,  the  analytical  method  indicates  the  presence  of  only  thymine, 
uracil,  and  adenine  or  derivatives  of  these  bases.  Certain  energy-rich  sub- 
stances such as adenosine di- and triphosphate may also occur in the fraction 
and  after  the  digestion  step  of  the  procedure  would  appear  as  an  adenine 
spot. In chromatogram VI the tissue was in contact with cold 2 per cent PCA 
for 20  minutes  or half  the  usual  extraction  time.  Chromatogram VII repre- 
sents a  second 20 minute exposure to cold 2 per cent PCA.  s It is evident that 
s Tissues were washed thoroughly with cold 2 per cent PCA between these extractions to 
eliminate the possibility of carry-over. PHILIP s.  woods  77 
some ultraviolet absorbing materials make up part of the acid-soluble fraction, 
The  chromatograms show  the  presence  of substances  with migration rates 
similar  to uracil and adenine.  Thymine is  completely  absent.  Spectrophoto- 
metric analyses of eluates of the spots reveal that the spot in the region of uracil 
has a maximum absorption at 258 mtt, almost identical with pure uracil (259 
mtt)  and the one in the region of adenine has a maximum absorption at 263 
mg identical with pure adenine.  It is evident also that essentially all of the 
ultraviolet-absorbing  materials are  removed  from the tissue  during the first 
20  minutes of exposure  to the acid.  The single small  spot  in the region  of 
adenine that does occur in the second 20 minute acid extract (chromatogram 
VII)  probably does  not  represent  a  precursor  or  like  substance since  such 
materials would  be  expected  to  be  removed  from tissue  together with  the 
uracil-containing  materials.  Since  the  analytical method serves  only to  in- 
dicate the presence of a source from which bases are released by the digestion 
step and does not give information on the form the degradation products are 
in,  the presence of spots does not necessarily indicate that the tissue extract 
contains free bases. The spots could well come from derivatives such as nu- 
cleosides  or  nucleotides.  Chromatogram  VIII  represents  the  acid-soluble 
fraction for the entire 40  minute exposure  to  cold acid; however,  here  the 
digestion  step of the analytical method was omitted. Under these  conditions 
of direct analysis of the hydrolysate, nudeotides and nucleosides, as well as 
free bases would be available  to appear in the chromatogram. However,  very 
little ultraviolet-absorbing  material is present in VIII, therefore, derivatives 
must be lost at some point in the isolation  procedure.  Free bases, of course, 
are not lost and they would appear if present.  Since VIII contains no uracil 
and very little adenine,  these bases must not occur in the extract. The uracil 
and adenine  spots  of VI, therefore,  must come largely from derivatives.  The 
small spot that does occur in VIII presumably represents  either free adenine, 
cytosine, or  some as yet unidentified material. However,  the small spot  in 
VII occupies the same region as the one in VIII and both could be adenine 
and could owe their presence to the gradual degradation of nucleic acid by the 
cold dilute acid treatment. Such a view would seem likely since Tamm et al, 
(1952)  have  shown  that purines  are  completely  removed  from DNA  when 
treated with dilute HC1  (pH  1.6) at 37 ° for 26  hours.  Unfortunately these 
two spots were lost and  consequently could  not  be  analyzed spectrophoto- 
metrically. 
Analysis of the degradation products produced during the lOper cent PCA 
hydrolysis used  in  connection  with  the  Feulgen  reaction is  shown  in chro- 
matograms IX  through XVIII of Fig. 3.  All  of the tissues used were first 
treated with cold  2 per cent PCA to remove  the acid-soluble fraction. The 
chromatograms are arranged in pairs,  except for the last two, and each pair 
represents  the first and second extractions respectively,  obtained from tissue 78  HYDROLYSIS  IN  FEU~LGEN ~rIYCLEAL  REACTION 
hydrolyzed for the indicated times. First extractions show what was removed 
from tissue by hydrolysis, and second extractions show essentially what  still 
remained  in  the  tissue  and  which  was  subsequently removed by hot  PCA. 
Chromatograms IX and X  show that by 1N hours of hydrolysis, large amounts 
of  uracil and  adenine,  and  almost  no  thymine,  are  removed from  tissue. 
A  very small  mount  of uracil  remains  in the tissue in addition  to  a  large 
amount  of  thymine  and  adenine.  A  spectrophotometric  analysis  of  these 
spots revealed that each was  composed of  the  expected  base  and  each  was 
essentially  pure.  4  Quantitative  studies  on  the  thymine  and  uracil  spots 
reVealed that about 8 per cent of the total thymine appeared in the first ex- 
tract and about 9 per cent of the total uracil appeared in the second extract. 
By 6  hours hydrolysis, more of the  adenine  is  removed and  some  thymine 
also  appears in  the  tissue hydrolysate (XI and XII).  By  16 hours much of 
the adenine has been removed, and fully half of the thymine is lost from the 
tissue  (XIII  and  XIV).  Thymine  loss  continues  with  increased  hydrolysis 
time,  and by 30 hours a  large fraction of the  total has been extracted (XV 
and XVI). The small spot in the region of adenine in XIV may contain some 
cytosine,  since  this  base  is  recovered  in  small  amounts  by  the  analyti- 
cal method (chromatogram IV of Fig. 1). However, this spot has a maximum 
absorption of 265  m/z.  Since cytosine has a  maximum absorption of 274 m/z 
and adenine 263 m/z, it is probable that the spot is a mixture of the two bases 
with  adenine  predominating.  The  corresponding  small  spot  in  XVI  has  a 
maximum absorption of 274 m# thus indicating that it is pure cytosine. Ap- 
parently all adenine is removed from tissue at some time between 16 and 30 
hours.  The spot in the region of thymine in chromatogram XIII was shown 
to have a maximum absorption of 263 m#, almost identical with that of pure 
thymine,  thus,  there is little doubt  that  either free thymine or a  substance 
containing  thymine is  removed along  with  adenine.  In  order  to  determine 
whether the spots come from free bases or from larger fragments containing 
the bases, a few tissue hydrolysates were analyzed directly without the diges- 
tion step.  Chromatograms XVII and XVIII were obtained from first extrac- 
tions only of the 1N and 16 hour hydrolysates respectively, with the omission 
of the  digestion  step  in  the  analytical procedure.  It  can  be  seen  that  free 
thymine and uracil do not occur in these hydrolysates. It is therefore evident 
that the thymine and uracil spots in the chromatograms of the first extractions 
(IX, XI, XIII,  and XV)  come from derivatives rather than free bases.  The 
large spots  ' that  do occur in XVII and XVIII are in the region of adenine. 
4 Maximum absorption for the large and small spots in the region of thymine was 263 
and 267 m/~ respectively;  ~ max. for thymine is 264 m/~. Maximum absorption for the large 
and small spots in the region of uracil was 259 and 263 m/~ respectively;  X max. for uracil is 
259 m/~. Maximum absorption for the two spots in the region of adenine was 263 and 264 
m/~; ~ max. for adenine is 263 m/~. Pn-~n,  s.  woods  79 
That  they are adenine  and  not cytosine or some other  derivative  is certain 
since  both  show  ultraviolet  absorptions  dose  to  pure  adenine  (maximum 
absorption for the two spots was 262 mtt). The presence of these spots,  then, 
would indicate  that free adenine  does occur in the tissue  hydrolysate.  From 
the size  of these  spots it is evident  that by  1~ hours a  substantial  amount 
TABLE  III 
Quantitative Spectrophotometric Determination of Thymine in Ckromatograms of the First and 
Second Extracts Obtained from  Tissue Hydrolyzed for Different Times and  Calculation 
of Per cent Loss of DNA  Thymine 
Hydrolysis  time 
J~fS. 
16 
16 
30 
46 
7O 
95 
Extract 
1st 
2nd 
Ist 
2nd 
1st 
2rid 
1st 
2nd 
1st 
2rid 
1st 
2nd 
1st 
2nd 
1st 
2nd 
Amount of thymine 
in spot 
3.4 
62.6 
6.7 
33.1 
30.5 
32.4 
28.8 
22.7 
39.7 
6.7 
55.4 
10.6 
54.4 
3.3 
43.5 
2.9 
Per cent loss of 
DNA thymine 
5.2 
16.8 
48.5 
55.9 
85.6 
83.9 
94.2 
93.8 
of  adenine  is  in  the  hydrolysate,  and  the  amount  increases  with increased 
hydrolysis  time. All of the adenine of the tissue is removed by 30 hours (chro- 
matogram XVI). The adenine spots of XVII and XVIII are smaller than  the 
comparable  ones of IX and XIII;  thus part  of the adenine  is removed  as a 
free base and part as a derivative. 
The amount of thymine in each of the thymine spots of chromatograms IX 
through  XVI  was  determined  by  the  Beckman  spectrophotometer.  These 
values were  used  to calculate  the per  cent loss of thymine from the  tissues 
for each hydrolysis  time. Since the tissues  had already been treated  with cold 80  HYDROLYSIS  IN. FEULGEN  NUCLEAL  REACTION 
dilute acid to remove the acid-soluble fraction the thymine presumably comes 
from the DNA,  and  the material lost could therefore be expressed as DNA 
thymine.  Table  III  shows  the results  of  these  determinations  and  calcula- 
tions,  and Text-fig. 2  shows  graphically the per cent loss of DNA  thymine 
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TExT-FIG. 2. Effect of hydrolysis time in 10 per cent perchloric acid at 20°C. on 10ss of 
DlgA thymine from lily anthers. Each point was obtained from a single pair of chromato- 
grams. 
with  increasing  hydrolysis time.  More  data  were  obtained  from  additional 
pairs of chromatograms of tissue hydrolyzed for 16,  46,  70,  and 95 hours in 
order to complete the graph. The points appear  to faU along two distinctly 
different straight lines with respect to slope. The loss of DNA thymine during P~LIP  s.  WOODS  81 
the first 24  hours of hydrolysis occurs at a  uniform rate markedly different 
from that lost after 24 hours. 
DISCUSSION 
In the present study it has been shown that hydrolysis of tissue in 10 per 
cent PCA at 20°C.  gives a  typical curve with respect to hydrolysis time and 
Feulgen stain  intensity (Hillary,  1939;  Di  Stefano,  1948;  Ris  and  Mirsky, 
1949; and Swift, 1955). As hydrolysis time is increased, the intensity increases 
rapidly  to  a  maximum  (about  19  hours  under  these  conditions)  and  then 
slowly declines. These results agree closely with those of Di Stefano (1952 b) 
who used  10 per cent PCA but at a  slightly higher temperature  (25°C).  Di 
Stefano  also  showed  that  the  amount  of  staining  obtained  with  these  hy- 
drolytic conditions was no different from that obtained with the more con- 
ventional hydrolysis in N HCI at 50 °. Experiments of the present study have 
led to similar conclusions. It apparently makes little difference whether tis- 
sues are processed by the freeze-dry method and hydrolyzed in PCA, or fixed 
in 3:1  alcohol-acetic and hydrolyzed in HC1.  It is evident that the type of 
fixation and hydrolysis used in the present study give a  typical Feulgen reac- 
tion. 
The course of events as nucleic acids are hydrolyzed in  the Feulgen pro- 
cedure  are  clearly shown in  the chromatographic studies.  The most readily 
extractable materials of tissue appear to be the relatively smaU loosely bound 
molecules. Some of these substances are probably removed even by the fixa- 
five, but the remainder certainly would be removed at the onset of Feulgen 
hydrolysis since even the very mild 2 per cent PCA treatment at 4 ° removes 
essentially all  such  uracil-  and  adenine-containing materials  after  20  min- 
utes. The next most labile material is KNA. In this study uracil was used to 
indicate the presence of RNA, and thymine the presence of DNA. RNA (ura- 
cil derivatives) is essentially all removed from tissue by I~  hours hydrolysis, 
long before optimum hydrolysis in the Feulgen procedure.  It is also evident 
that very little DNA (thymine derivatives) is removed by this time, and this 
fact would indicate that RNA is removed from the tissue sections without an 
accompanying breakdown of the DNA polynucleotide chain. Several workers 
have indicated that RNA can be quantitatively separated from DNA by PCA 
extraction. Ogur and Rosen 0950)  used ultraviolet absorption as a  criterion 
of RNA removal, but such a criterion is open to question. As has been shown 
here, free purines can be readily removed from DNA. The ultraviolet absorp- 
tion of these bases  is indistinguishable from extracted RNA;  thus it would 
be impossible to assess  the purity of the RNA fraction. Other investigators 
have used the PCA extraction method on histological preparations (Erickson 
et al.,  1949; Di Stefano, 1952 a), but again it has never been possible to deter- 
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photometric analysis of the thymine and uracil  spots  obtained from the first 
and second extractions  of tissue hydrolyzed for 1~/~ hours,  it was found that 
only about 8 per cent of the total DNA thymine was removed from tissue and 
approximately 9 per cent of the total RNA uracil remained in the tissue. This 
degree of separation,  although not perfect can be useful in many cytochemical 
studies. 
Other detectable materials removed  from tissue  sections during hydrolysis 
are free purines.  These substances  appear to be  extracted more  slowly than 
RNA and they seem to arise  for the most part from the DNA.  From the 
direct analysis of the hydrolysates for free bases  it was found that adenine 
does  appear  and  its amount increases  with increased  hydrolysis time.  The 
amount that remains  in the tissue  steadily declines with the increase  in hy- 
drolysis  time. Beginning with IN hours when essentially  all the RNA is re- 
moved and almost all the DNA is left, a large amount of purine (adenine)  is 
present in the tissue. A substantial amount of free purine (adenine), however, 
has already been  extracted. Only by about 30  hours or possibly  somewhat 
less  than this is  the purine  (adenine)  completely  removed  from the  tissue. 
The source of the free purines that have already been removed by 1~,~ hours 
is not certain.  Some of these  purines  could have come from RNA, but this 
would  seem unlikely under the present conditions  of hydrolysis since Smith 
and Markham (1950) have shown that in order to remove purines from yeast 
RNA it is necessary  to hydrolyze in N HC1 at 100  ° for 1 hour. A simple ex- 
periment carried out here has shown that deoxyribose adenylic acid is readily 
broken down to free adenine after IN hours treatment with 10 per cent PCA 
at 20  °. Ribose adenylic acid, on the other hand, is almost completely resistant 
to this treatment. That the free purines  in the tissue  hydrolysates do come 
largely from the  DNA  is  further substantiated by the  observation  that a 
trace amount of Feulgen stain is present in nuclei even after only 15 minutes 
of hydrolysis. 
Associated with the removal of purines from DNA is the depolymerization 
and degradation of the DNA molecule itself. This is clearly demonstrated by 
the observations  that with increasing hydrolysis time the amount of thymine- 
containing fragments removed from tissue  steadily increases, and that at the 
same  time the amount of thymine remaining  in the same  tissue  steadily de- 
clines. This loss of DNA from tissue can be detected as early as 1~,~ hours of 
hydrolysis and it is clearly  evident by 6 hours.  By optimum hydrolysis (19 
hours)  nearly two-thirds of the total DNA  thymine of the tissue  has been 
removed,  and degradation apparently continues  at a  uniform rate until 24 
hours when roughly three-fourths of the total DNA thymine is lost.  At this 
time there is a pronounced  change in the rate of extraction and from then on 
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down  during  hydrolysis  but  also  there  seems  to  be  two  distinctly  different 
fractions of DNA that are removed; one being quite  labile  to the acid treat- 
ment,  and the other rather  stable.  In any event breakdown of DNA appears 
to be a  slower process than the partial degradation by which only the purines 
are  removed,  thus  providing  the  necessary conditions  for a  Feulgen-positive 
reaction. 
These conclusions partly bear out what has generally been assumed to occur as 
DNA of tissue is hydrolyzed in the Feulgen procedure (Lessler,  1953).  The in situ 
removal of purines  from the DNA would account for the liberation  of aldehydes, 
and  in the Feulgen reaction would explain  the formation of a  red-colored product 
in the nucleus.  The production of less stain in cases where tissues are over hydro- 
lyzed, would mean that DNA is degraded and fragments go into solution. But, little 
was known of the quantitative aspects of hydrolysis and especially of the sequence 
or time when the various events  took place. Such information was provided in the 
present study, and it seems evident  that production of Feulgen stain in nuclei de- 
pends  upon  the  balance  between  the  formation  of aldehydes  through  removal  of 
purines and, the loss of DNA itself.  Since almost two-thirds of the DNA is lost from 
lily anthers by the time of optimum hydrolysis, it is evident that the Feulgen stain 
that does appear at this time actually represents  only a  fraction of the total DNA 
present. With only a part of the DNA stained,  the question as to how well Feulgen 
stain represents  total DNA, becomes especially important. 
A  number  of workers  have  used  the  Feulgen  nucleal  reaction  for determining 
relative amounts of DNA in cytological preparations  (for a recent review see Swift, 
1955).  Various instruments  have been designed to measure  the amount of Feulgen 
stain in nuclei, and the arbitrary values thus obtained have been considered as being 
proportional  to  the  DNA  content.  There  appears  to  be  considerable  justification 
for this assumption. Di Stefano (1948)  was the first to attempt a quantitative study 
of the relationship between Feulgen stain and DNA in tissue preparations. Although 
his findings are difficult to interpret he concluded that maximum amount of Feulgen 
stain  was proportional  to  the  total  DNA.  He used  methyl green  and  ultraviolet 
absorption  to identify phosphoric acid and purines  respectively in  the DNA. It is 
now generally agreed that basic dyes such as methyl green do not always react stoi- 
chiometrically with  the phosphoric acid groups of DNA  (Swift,  1955),  and  ultra- 
violet  absorption  alone  does  not  distinguish  between  RNA,  DNA,  purines,  or 
pyrimidines.  Much more  convincing evidence of the  quantitative  relationship  be- 
tween Feulgen stain and DNA is seen in the studies of Ris and Mirsky (1949). These 
workers compared amounts of DNA per nucleus, as determined biochemically, with 
amounts  of Feulgen  stain  determined  through  microphotometric  measurement  of 
individual nuclei. Liver nuclei from eleven different vertebrates  were found to con- 
tain an amount of Feulgen stain that was proportional  (within  I0 per cent)  to the 
average amount of DNA per nucleus in each species  as determined chemically. Simi- 
lar  studies  were performed  by Leuchtenberger,  Vendrely,  and  Vendrely  (1951)  on 
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in ratios between the chemical and photometric methods,  this variation could be 
explained by the presence of some polyploid nuclei in some of the tissues. Such nuclei 
would alter the average amount of DNA per nucleus  obtained biochemically and 
would upset the ratios. Other tests of the quantitative accuracy of the Feulgen re- 
action are seen in the microphotometric measurements made on polyploid nuclei in 
various organisms.  With few exceptions  the means of such values fall approximately 
into a geometric series.  Such  a series was first observed by Ris and Mirsky (1949) 
in rat liver. Swift (1950 b) showed that a 2:4:8:16 series occurred in various somatic 
tissues of corn, and a 3:6:12:24 series occurred in triploid tissues of corn endosperm. 
These  data  showed  that  the  amount  of  Feulgen  stain  per  nucleus  corresponded 
closely with chromosome number. Since polyploid nuclei  would  be expected to con- 
tain exact multiples of amounts of DNA, the conclusion drawn would be that Feulgen 
stain does represent DNA quantitatively. In dividing tissue interphase nuclei  tend 
to fall into two classes with respect to amount of Feulgen stain; one having approxi- 
mately twice as much stain as the other (Swift,  1950 b; Duncan and Woods,  1953). 
Early prophase nuclei  contain the doubled amount and late telophases the  diploid 
amount.  Here  again  the  results  agree with  the  expected  relationship,  since  the 
amount of DNA would  have to double in order that a  cell could  reproduce itself; 
and each of the newly formed daughter nuclei  would be expected to contain half 
as much DNA as the prophase nucleus.  The quantitative relationship of Feulgen 
stain  to DNA has  also  been followed  through meiosis,  and  again little  deviation 
has been observed from the expected amounts as predicted from changes in chromo- 
some number  (Taylor and McMaster,  1954; Moses and Taylor,  1955). 
In order to explain the results of the present study in light of the evidence 
which  tends to show  that Feulgen stain does quantitatively  represent DNA, 
it  could  be assumed  that  all  DNA  is  degraded  in  a  consistent  and  orderly 
fashion such that  at optimum hydrolysis a  certain percentage (about 65  per 
cent in  these  studies)  is always lost.  This percentage loss would  have to be 
constant for all nuclei even for those in cells in different physiological states. 
Such an assumption would explain the loss observed in the present study and 
would  fit  the  quantitative  data  on  the  relationship  between  Feulgen  stain 
and DNA. Another explanation would be to assume that two kinds of DNA 
exist in cells; a labile type which is largely lost by optimum hydrolysis and is 
therefore not available for staining, and a  more stable type which is lost but 
slowly from the tissue and therefore is available for staining. The amount of 
stable DNA would have to be constant for all nuclei; i.e., be proportional to 
chromosome number.  In  the  present  study  the  observation that  DNA  thy- 
mine  is  removed from lily anthers  at  at  least  two  distinctly  different  rates 
would  seem to lend considerable  support  to  the latter hypothesis.  However, 
the data show that not quite  all of the labile DNA is removed by optimum 
hydrolysis. This lack of coincidence with respect to time could perhaps be due 
to  small  errors in  measurement.  Only  a  slight  shift  in  the  hydrolysis time- PHILIP  S. WOODS  85 
Feulgen intensity curve, or a  slight change in the slope of the curve in Text- 
fig. 2,  where DNA  thymine is lost very rapidly during the first part  of hy- 
drolysis, would result in agreement with the idea that all labile DNA is re- 
moved  by optimum hydrolysis and  that  Feulgen stain  represents  only the 
stable fraction. Such a  hypothesis would explain all existing data. The possi- 
bility also exists that the labile DNA comes from the cytoplasm. In the past 
the best evidence which indicated that DNA does not occur in the cytoplasm 
was from the observations that Feulgen stain never appears in the cytoplasm. 
Since it has now been shown that DNA can be broken down by Feulgen hy- 
drolysis, it is no longer valid to assume that DNA does not occur in this part 
of the cell. However, if some of the labile DNA still remains in the tissue at 
optimum hydrolysis and if this were cytoplasmic it should be  Feulgen-posi- 
tire.  Perhaps  not all of the labile fraction occurs in the cytoplasm. In any 
event, loss of DNA from the cytoplasm would not involve the determination 
of nuclear DNA by the microphotometric method and thus would not conflict 
with the Feulgen stain nuclear DNA relationship. 
In spite of the information obtained from the chromatographic studies on 
Feulgen hydrolysis, the question as to whether the Feulgen procedure really 
can be relied upon as a  means of quantitatively determining DNA in a  nu- 
cleus is still unanswered. The fact that a large part of the DNA is not repre- 
sented by stain and that a  qualitative difference apparently exists such that 
DNA  fractions are  removed at  different rates would serve  to indicate that 
the mechanisms involved are much more complex than were originally postu- 
lated. It seems probabl  e that the question will remain unanswered until more 
information can be obtained on the fraction that is lost with respect  to its 
quantitative  distribution  in  individual  cells  and  especially in  those  under- 
going division. 
SUMMARY 
In a  study on Feulgen hydrolysis  of frozen-dried  alcohol-fixed  lily  anthers, 
a chromatographic technique was developed to analyze the acid  hydrolysate 
for some of the degradation products of nucleic  acid.  Hydrolysis was accom- 
plished  by 10 per cent perchloric  acid  at 20°C.,  and a typical  hydrolysis  time-- 
Feulgen intensity  curve was obtained,  with maximum staining  occurring  at 19 
hours. Microphotometric measurements indicated that the amount of stain 
per nucleus was no different  from amount in nuclei  fixed  and hydrolyzed by 
more conventional procedures. 
Uracil-containing  material (from ribonucleic  acid) was almost completely 
separated from thymine-containing material (deoxyribonucleic  acid) of tissue 
sections  by acid  treatment for I~ hours. Adenine (purines),  as the base,  was 
effectively  all  removed from the deoxyribonucleic  acid  at the time of optimum 86  HYDROLYSIS  IN ]~EULGEN  NUCLEAL  REACTION 
hydrolysis.  Detectable  amounts  of  thymine-containing  material  appeared 
in the hydrolysate shortly after the onset of hydrolysis; and the amount in- 
creased rapidly with increased hydrolysis time. At the time of optimum hy- 
drolysis approximately two-thirds of the total deoxyribonucleic acid thymine 
was lost. The removal of these thymine-containing fragments was linear with 
respect to time during the first 24 hours and occurred at a relatively high rate. 
Removal after 24  hours was also  linear but was at a  markedly lower rate. 
These results would suggest that two kinds of deoxyribonucleic acid exist in 
lily anthers; an acid-labile fraction amounting to approximately three-fourths 
of the total, and an acid-resistant fraction making up the remainder. In the 
Feulgen procedure much of the labile fraction is lost by the time of optimum 
hydrolysis and is not stained; most of the stable fraction remains in the tissue 
and is stained. In light of these findings the use of the Feulgen method as a 
means  of  determining  cytochemically relative  amounts  of  deoxyribonucleic 
acid in nuclei by measuring their Feulgen dye content was discussed. 
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EXPLANATION OF PLATE 15 
FIG. 1. Controls. Chromatogram I  obtained from a 0.1 N HC1 solution of the five 
bases; II from a  10 per cent PCA solution containing 100/zg. of each base except 
thymine  which ~  10 ~g.; III from a  10 per cent PCA solution containing 100 ~g. 
of each base except uracil which is 10 #g.; IV from a  10 per cent PCA solution con- 
taining 100/zg. of cytosine only; and V from a  10 per cent PCA solution containing 
100 #g. of guanine only. Solutions of II through  v  were processed in the same way 
as the tissue extracts. 
FIG. 2. Acid-soluble fraction.  Chromatogram VI obtained from extract of tissue 
hydrolyzed in cold 2 per cent PCA for 20 minutes; VII from extract of tissue hydro- 
lyzed in cold 2 per cent PCA for a second 20 minute period only; VIII from extract 
of tissue hydrolyzed in cold 2 per cent PCA for 40 minutes, without digestion step 
(for explanation see text). 
FIG. 3.  10 per cent PCA, 20°C., hydrolysis. Chromatograms IX and X  obtained 
from first and second extracts respectively (for explanation see text) of tissue hydro- 
lyzed for 1~ hours; XI and XII from first and second extracts respectively of tissue 
hydrolyzed for 6 hours; XIII and XIV from first and second extracts respectively 
of tissue hydrolyzed for 16 hours; XV and XVI from first and second extracts re- 
spectively of tissue hydrolyzed for 30 hours; XVII from first extract only of tissue 
hydrolyzed for 1~/6 hours, without digestion step; XVIII from first extract only of 
tissue hydrolyzed for 16 hours,  without digestion step.  All tissues were previously 
treated  with  cold 2  per  cent PCA to remove the acid-soluble fraction. THE JOURNAL OF 
BIOPHYSICAL AND BIOCHEMICAL 
CYTOLOGY 
PLATE  15 
VOL.  3 
(Woods: Hydrolysis in Feulgen nucleal reaction) 